N —
/&/AS//GI,_(}_S/ y (;W' s
207238 R G 393
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 100, NO. E7, PAGES 14,403-14,420, JULY 25, 1995

5 S

ST
A simulated geochemical rover mission to the Taurus-Littrow )
valley of the Moon 2
Randy L. Korotev, Larry A. Haskin, and Bradley L. Jolliff s S

Department of Earth and Planetary Sciences and McDonnell Center for the Space Sciences, Washington University,
Saint Louis, Missouri

o7 Y75
Abstract. We test the effectiveness of using an alpha backscatter, alpha-proton, X ray spec-
trometer on a remotely operated rover to analyze soils and provide geologically useful informa-
tion about the Moon during a simulated mission to a hypothetical site resembling the Apollo 17
landing site. On the mission, 100 soil samples are “analyzed” for major elements at moderate

" -“: -

analytical precision (e.g., typical relative sample standard deviation from counting statistics:

Si [11%], Al [18%], Fe [6%], Mg [20%], Ca [5%]). Simulated compositions of soils are gen-
erated by combining compositions of components representing the major lithologies occurring
at the site in known proportions. Simulated analyses are generated by degrading the simulated
compositions according to the expected analytical precision of the analyzer. Compositions
obtained from the simulated analyses are modeled by least squares mass balance as mixtures of
the components, and the relative proportions of those components as predicted by the model are
compared with the actual proportions used to generate the simulated composition. Boundary
conditions of the modeling exercise are that all important lithologic components of the regolith
are known and are represented by model components, and that the compositions of these com-
ponents are well known. The effect of having the capability of determining one incompatible
element at moderate precision (25%) is compared with the effect of the lack of this capability.
We discuss likely limitations and ambiguities that would be encountered, but conclude that
much of our knowledge about the Apollo 17 site (based on the return samples) regarding the
distribution and relative abundances of lithologies in the regolith could be obtained. This suc-
cess requires, however, that at least one incompatible element be determined.

1. Introduction

Future missions to the Moon and other planets will
undoubtedly include rovers, i.e., unmanned mobile devices for
making observations and measurements. A desirable instru-
ment aboard any such rover is a geochemical analyzer capable
of determining elemental compositions of rocks and soils.
There is little experience in the scientific community with
interpretation of data from such an instrument because por-
table geochemical analyzers are not used in terrestrial geologic
exploration, and missions that have carried such devices to
other planets have usually made only one or a few measure-
ments [e.g., Turkevitch et al., 1968, Clark et al., 1982,
Surkov et al., 1986]. This paper deals with the interpretation
of imprecise elemental compositions obtained remotely on a
large number of samples taken at different locations.

We consider a simulated rover mission to the Taurus-
Littrow valley of the Moon, the site of the Apollo 17 mission.
It is one of the most geologically diverse of the Apollo sites,
and the relationship between the site geology and the regolith
composition is reasonably well understood [Rhodes et al.,
1974; Korotev and Kremser, 1992]. Different areas of the
site are dominated by different rocks types and, as a conse-
quence, soil compositions are highly variable from place to
place. Building on what we know about the rock types and
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their compositions, our simulated mission considers what new
things we might learn if we were to extend the traverse range
beyond the area covered by the astronauts (e.g., into the Sculp-
tured Hills, higher onto the massifs, out into the Serenitatis
basin) using a state-of-the-art, but simple, chemical analyzer.
Indirectly, however, we test whether our rover would discover
the kinds of things we already know about the site.

We assume the capability to examine rocks visually and
determine their chemical compositions, albeit not as precisely
as in the laboratory. Our simulated geochemical rover mis-
sion, however, focuses on regolith fines for several reasons.
(1) Overall, soils are omnipresent, and their compositions
reflect site geology broadly and generally and thus provide
unique constraints on geologic interpretations. (2) Subjective
selection of rocks for analysis will almost certainly miss some
volumetrically important components of the regolith, the pre-
sence of which might be inferred from soil analyses (e.g., the
Apollo 17 pyroclastics). (3) Seil compositions provide better
indications of the relative abundance of subsurface rock types
than the analyses of any reasonable number of rocks lying on
the surface. (4) Lateral transport of regolith is relatively
minor, but soil compositions will vary along a traverse. Thus
a map of lithologic components of the regolith, as inferred
from soil compositions, helps define the provinces of local
rock types, this being information difficult to obtain by other
means. (5) We assume that it will be operationally easier to
obtain an accurate and representative analysis of a fines
sample (i.e., <l-mm material) than of a rock sample. This
assumption is based mostly on the greater degree of reproduci-
bility of the sample surface and the sample-to-instrument geo-
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metry expected with a sample of fines. (6) In situ analysis of
large rocks requires that the rover remain stationary during
analysis. It should be logistically straightforward, however, to
recover a soil sample and analyze it on board while traveling
to the next destination. (7) Improved understanding of pyro-
clastic deposits is an important lunar science objective, and
any mission involving the study of such deposits must face the
challenge of interpreting data for mixtures of ash and commi-
nuted rock. (8) Any resource utilization on the lunar surface
will primarily involve the regolith, rather than large rocks, so
characterization of soil is essential. (9) The techniques dis-
cussed here for interpreting compositional data for regolith
fines, as well as many of the conclusions reached below, are
also applicable to interpretation of results from orbiting geo-
chemical missions for which only the regolith is observed;
they are also applicable to surface analysis of Mars and aster-
oids. Thus the main subject of this paper is how to interpret,
in a geologically reasonable way, imprecise (by laboratory
standards) compositional data for regolith fines obtained by a
mobile geochemical analyzer.

Because our simulated mission returns to the Taurus-
Littrow site, an advantageous boundary condition on interpre-
tations is our prior knowledge of what rock types occur at the
site and what their chemical compositions are. In a subse-
quent paper, we will consider the more challenging question
of what we might learn from a rover mission to an unexplored
lunar site.

2. Mission Strategy

2.1. Mission Goals

We would regard our lunar rover mission to the Apollo 17
site a success if it could determine at least the first-order rela-
tionships that we have determined from the manned mission.
These are the following: (1) the valley floor consists primarily
of high-Ti mare basalt, (2) the South Massif consists of noritic
impact-melt breccia and some type of feldspathic lithologies
in subequal abundance with little contamination by mare
material, and (3) the North Massif soils are similar in compo-
sition to those of the South Massif, except that feldspathic
components are more abundant than the melt-breccia compo-
nent and mare basalt is more abundant. Because the site is at
a mare-highlands boundary, it would be useful if the rover
could determine (4) the relative proportions of mare and high-
lands lithologies in each soil sample so we could assess the
extent of mixing. The rover mission would be particularly
successful if (5) the “orange-glass soil” found at station 4
could be discovered and recognized as a pyroclastic deposit
and if (6) the plutonic norites and troctolites found at the
North Massif were recognized. The mission would be
extremely successful if it recognized that, in addition to the
abundant high-Ti mare basalt, (7) much less abundant very
low Ti (VLT) basalt was present in the regolith, and that
(8) KREEDP basalt occurred at the site.

2.2. Sampling Strategy

Based on our experience with samples studied in the labor-
atory and on some initial results of the present exercise, we
can show that chances of mission success increase with
increasing number of sample analyses, that for soils a greater
number of low-precision analyses is preferable to a few high-
precision analyses, and that 100 soil analyses is a reasonable
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numbser for a site as complicated as the Taurus-Littrow valley.
(On the Apollo 17 mission, 68 bulk soil samples and six rego-
lith cores were collected.) This means that analysis time for a
routine sample will have to be short, probably not more than
an hour, and that uncertainties in element concentrations will
be greater than ideal.

2.3. The a-p-x Spectrometer

The primary geochemical instrument on our rover is the
a-p-x (alpha-proton-X ray) spectrometer described by Econ-
omou and Turkevich [1976, 1992]. This instrument is capa-
ble of determining the concentrations of all major elements,
i.e., those present in concentrations greater than about 1%.
The instrument also appears to be capable of determining
some elements at low precision that are minor elements on the
Moon, the most promising of which for the purposes
described here are Na, K, P, and Cr. In our simulated mis-
sion, we will consider only O, Si, Ti, Fe, Mg, Ca, Na, and K
because these are the elements for which Economou and Tur-
kevich [1992] provide analytical uncertainties. Instead of
modeling metal oxides [e.g., Korotev and Kremser, 1992], we
treat oxygen explicitly because it is determined directly by the
a-p-X spectrometer, and more precisely than are many of the
metallic elements.

2.4. Incompatible Elements

A challenge for any geochemical rover mission will be to
obtain data for some trace and minor elements, in particular,
the geochemically incompatible elements, or IEs. The only
[Es for which the a-p-x instrument is likely to provide any
useful data are K and P, and then only with very long analysis
times or when those elements happen to be in atypically high
concentrations. A fascinating property of soils and most other
polymict lunar samples in which the concentrations of IEs are
high (particularly, the incompatible trace elements) is that rel-
ative proportions of IEs are similar, i.e., ratios of any two IEs
are usually the same within a factor of 2 or less. Thus, from
the concentration of one IE such as K, P, Y, Zr, Ce, or Th, the
concentrations of others can be estimated well [Haskin and
Warren, 1991, Table 8.2]. The constancy of IE ratios among
IE-rich lunar samples is taken to indicate that there is one
dominant carrier of IEs, designated KREEP, and that KREEP
is, or is related to, the residuum from a global magma ocean
[Warren and Wasson, 1979a). Rocks with high IE or KREEP
abundances occur primarily in two forms, as igneous rocks in
the form of KREEP basalt (at Apollos 15 and 17) and, more
commonly, as impact-melt breccias of noritic composition (at
most Apollo sites). Thus the ability to determine at least one
“KREEP element” is an important goal in the design of any
lunar geochemical rover. For our simulated rover mission,
however, we employ an ideal, hypothetical instrument that can
determine the concentration of Th with a precision of 25%
(one standard deviation). We choose Th because of the com-
munity’s experience with data obtained for this element
remotely [Metzger et al., 1981]. Our model results would be
the same for any other [E determined with the same precision.
In section 6, we consider the effects of not having the capabil-
ity to determine IEs.

3. Method

In this and the following sections we first describe our pro-
posed technique of interpreting compositional data obtained
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remotely for lunar soils, namely, by modeling soil composi-
tions as mixtures of lithologic components. We define and
describe the model components. We then show that our mod-
eling technique is effective when used with precise laboratory
data. We describe our procedure for generating simulated,
low-precision analyses of idealized mixtures or actual soil
compositions. Finally, we demonstrate the utility of the model
for obtaining information on site geology from the simulated
low-precision analyses.

3.1. Identifying Probable Lithologic Components of a Soil

One objective of compositional studies of soils has been to
determine, in conjunction with data obtained on rocks, the rel-
ative proportions of the various constituent lithologies and
how the variation in those proportions relates to, and provides
information about, the site geology. The constituent rock
types cannot usually be identified simply by considering nor-
mative mineral proportions. For example, mature soils from
the Apollo 16 site are all very similar in composition, with
26-27% Al,O;. The normative abundance of plagioclase is
78-81 vol %, which corresponds to noritic anorthosite [Stgf-
Sler et al, 1980] (as does much of the lunar highlands
surface). However, noritic anorthosite rocks with 26-27%
Al,O; are not common in the Apollo 16 collection. The two
most common rock types are plutonic anorthosite (33-35%
Al,O;) and noritic (17-22% ALO;) impact-melt breccias.
These two rock types are not related to each other by any sim-
ple igneous process. Thus, resolving the composition of the
soil into its normative mineralogy and implicitly assuming
that the soil is monolithic can provide misleading information
about what kinds of rocks actually occur at a site and their
relationship to each other. This concemn applies equally to
spectral reflectance data in which “anorthositic norite” and
“noritic anorthosite” are identified [e.g., Blewitt ef al., 1994].

Our approach, instead, treats a soil composition as a math-
ematical mixture of compositions of likely lithologic compo-
nents using a least squares “mixing model.” This technique
works well with high-precision data obtained in the laboratory
[e.g., Rhodes et al., 1974, Laul et al., 1981, Korotev and
Kremser, 1992]. Mixing models are not based on a standard
“recipe,” as in the calculation of normative mineral propor-
tions. Rather, any combination of components may be
assumed, and some set of components not tested may provide
a better mathematical fit than any set that is tested. Thus, the
calculations can show that a particular set of components does
or does not achieve mass balance, but a good fit does not con-
stitute proof that the set of assumed components represents the
actual rock types that make up the soil. Applied judiciously,
however, mass balance can help identify actual components.
Thus a secondary purpose of this paper is to test the likely
success of using compositional mass balance or mixing
models in identifying the major lithologic components of the
regolith and determining their proportions. This approach has
been used in the past without any demonstration that it
actually works [e.g., Spudis and Hawke, 1981, Spudis et al.,
1984; Spudis, 1993].

3.2. Model Calculations and Weighting Factors

The rudiments of the least squares mixing approach as
applied to lunar soils are discussed by Boynton et al. [1975].
In essence, a mass-balance equation can be written for each
element i:
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Y= vl M
j=t

where Y, is the calculated concentration of element i in the
soil, y; ; is the concentration of element / in component j, and
J; is the mass fraction of component ;. When the number of
elements, n, exceeds the number of components, m, the best fit
solution, 1.e., the values f], can be obtained by minimizing the
expression

12 =) wi(C;-1)? @
i=1

where C, is the observed concentration of element i in the soil
and w, is a weighting factor for each element. The weighting
factors are necessary to account for the large range from ele-
ment to element in absolute concentrations (and a different
concentration unit for Th) and the fact that some elements
(e.g., Ca) are determined more precisely than others (e.g., K).
In general, if w, = 1/.2, where o; is the standard deviation in
the population of C,, then the quantity x*/v (reduced chi-
square, where v=n — m) should approximate unity for a good
fit. Values of %*/v greater than unity represent poorer fits, but
values less than unity do not indicate significantly better fits.
However, when major elements are modeled as in the present
case, values of y°/v can be expected to be consistently less
than unity for good fits because of closure (ZC,=1) and
because the various elements do not behave independently
(e.g., Fe correlates with Mg). In our model, the weighting
factors are based on the expected instrument uncertainty of the
a-p-x spectrometer. We assume that analytical uncertainty
(“counting statistics™) dominates o; and that at high concen-
trations, o, /C; is constant (r; of Table 1), but at low concentra-
tions (near the detection limit), o, is constant (g, of Table 1).
Because K and, to a lesser extent, Na are determined very im-
precisely, these elements provide little constraint to the model.

The solution to each fitting exercise is the set of values f;,
1.e., the relative abundances of each component in the best fit
mixture. (Henceforth, we use ‘the “abundance™ of component
J* to refer to the relative proportion of the component as given
by f;.) We also calculate oy, the uncertainties in f;. Note that
in the least squares technique, Zf] is not constrained to equal
unity, and best fit solutions may include negative values of /.
Negative values of f; occur most frequently with sets of com-
ponents that include two or more components of similar com-
position (e.g., two different mare basalts) or when one of the
components (e.g., troctolite) is reasonably well modeled as a
mixture others (e.g., anorthosite and dunite).

3.3. Simulated Low-Precision Analyses

We have simulated compositional data obtained by an
a-p-x spectrometer by taking high-precision data for soils and
mixtures of rocks obtained in the laboratory and degrading
them according to the expected uncertainties of the a-p-x
spectrometer. Because the composition of Apollo 17 soils
varies from station to station and, for some elements, the
range of variation is great (e.g., Ti concentrations vary by
more than a factor of 10), the response of the instrument will
also vary. We have simulated the anticipated response of the
instrument in the following manner. First, we have estimated
instrument uncertainties for the major elements for lunar com-
positions. We assume from context that the uncertainties
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Table 1. Composition of Components, Analytical Sensitivities, and Weighting Factors

Component 0O, Si, Ti, Al Fe, Mg, Ca, Na, K, Th, z, Mg’
% % % % % % % % % g % %
AN-GrF 450 215 027 137 455 375 109 026 006 044 9999 66
AN-GrM 450 208 017 143 373 443 110 035 007 055 9985 73
MG-TrA 450 200 0.02 134 320 822 956 024 005 023 9969 86
MG-Tr 447 201 002 107 404 121 772 015 003 013 9956 87
MG-Nor 448 235 016 905 625 753 741 030 022 143 9922 74
MG-GaN 439 2290 049 802 391 697 102 044 010 149 9893 73
MG-Dun 430 190 002 070 902 271 079 0015 0002 002 9963 87
IE-NB 443 218 094 963 707 1734 804 047 020 51 9979 70
IE-KR 431 228 077 7.9 117 579 733 030 021 55 9919 53
MB-VLT 425 227 042 572 134 106 693 013 0012 008 9887 55
MB-HT 405 181 737 473 146 508 776 029 004 04 9847 44
MB-0G 401 180 547 306 178 898 529 028 007 04 9905 54
sensitivity* 23, 42 40 37 27. 40 47, 40 07 —
rl, (%) 3 11 28 18 6 20 5 90 400 25
Gos 02 04 025 03 01 03 01 012 012 03

* Counts per hour per unit concentration (mass percent) of element, estimated from data of Economou and
Turkevich [1992] for the a-p-x instrument assuming a Martian basaltic composition, a 10-hour analysis, and simple

counting statistics.

T Estimated analytical uncertainty (relative standard deviation, %) for the average composition of Apollo 17 soil as

determined by the a-p-x instrument, based on sensitivity da
ment i, the value w; in equation (2) was calculated as 1/ o?

ta of the previous row and a 1-hour analysis. For each ele-
, where o7 = (r,C, /100)? + o}, and C, is the “observed”

(simulated) concentration of the element in the soil being modeled. The value o4, is an estimated “background” term to
prevent o; from becoming too small for statistically low values of C;, thus overweighting elements with concentrations
near zero (a concern primarily for Na and K, and to some extent Ti and Th).

Mg, mole % Mg/[Mg + Fe] (for information only; not used explicitly as a parameter in the modeling).

reported by Economou and Turkevich [1992] are those for a
Martian basaltic composition, that they represent simple
counting statistics, and that they represent a best case scenario
involving a long analysis time (assumed to be 10 hours; the
analysis time corresponding to their stated uncertainties is not
given by Economou and Turkevich [1992]). This allows us to
estimate instrument sensitivities for each element, i.e., counts
per hour per unit of element concentration (Table 1). These
sensitivities, in turn, allow us to calculate the number of
counts expected for each element for a given soil composition
and, consequently, an estimate of the analytical uncertainty
from simple counting statistics. For the same analysis time,
our lunar uncertainties are about the same as those stated by
Economou and Turkevich [1992], but for example, relative
uncertainties for Al in the lunar highlands are smaller because
of the higher Al concentrations compared to the Martian
basaltic compositions. A strategy of our simulated rover mis-
sion is that we will make measurements of short duration at
many different locations. Thus we have calculated instrument
uncertainties with an analysis duration one-tenth the unstated
time of Economou and Turkevich [1992] (e.g., 1 hour instead
of 10 hours). This increases the uncertainties of Economou
and Turkevich [1992] by a factor of 10%. Our estimated in-
strument uncertainties are stated as relative standard devia-
tions based on an average composition for Apollo 17 soils
(Table 1).

We then used the instrument uncertainties to generate sim-
ulated analyses based on actual compositions. We will refer
to a “sample” as the soil at a given location for which we
want an analysis. The “true” or “actual” composition of a
sample will be either those of Table 2 of Korotev and
Kremser [1992] (averages by sampling station of actual
Apollo 17 soils) or idealized mixtures (below). For the soil
data of Korotev and Kremser [1992), we have converted

oxide concentrations to element concentrations, including
oxygen. Then, using a routine that generates pseudo-random
values with a normal distribution of a given standard devia-
tion about a given mean (based on an empirical solution of the
inverse normal integral [Abramowitz and Stegun, 1972]), we
have generated simulated analyses for each sample having the
property that mean concentrations of many such simulations
would correspond to the true concentrations, and standard
deviations would correspond to the estimated instrument
uncertainties.

This degradation procedure sometimes generates negative
concentrations for Ti, Na, and K because of their high relative
uncertainties. This result is reasonable, as concentrations will
be determined by subtracting a background signal from a peak
signal, and will sometimes yield a negative net signal when
the peak signal is negligibly small. However, because nega-
tive or near-zero positive concentrations are unrealistic, for
modeling, all concentrations for Ti, Na, K, and Th were set to
the greater of C, or C,,, where C, is the concentration value
generated by the simulation procedure described above and
C, is one-half the minimum observed concentration of
the element among all Apollo 17 soils (C, 1=0.28%,
Cna=013%,C, x=0.03%, C,, m=0.30 pg/g).

3.4. Components

From our experience with soil samples, we observe that
three or four components representing local lithologies are
usually sufficient to account for 95+% of the mass of most
lunar soils. For ease of illustration here, we model the soils as
mixtures of three components, but consider the effect of using
four components.

We have selected a set of 12 components representing the
range of compositionally distinct lithologies observed at the
Apollo 17 site (Table 1). A few of these are rare, and there is
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no evidence that they are volumetrically important compo-
nents of the regolith. For each soil sample, we try all possible
combinations of the 12 components taken three at a time (220
combinations) and then consider only those mode] solutions
that provide the best fits to the simulated composition. The 12
components fall into four general compositional classes:
(1) anorthositic-norite highlands, (2) mafic, high-Mg/Fe high-
lands, (3) mafic, high-IE highlands, and (4) mare basalt. We
have obtained concentrations for 10 elements in each of these
components by averaging data for numerous representative
samples of the respective lithologies (Table 1); sources of data
are cited in the discussion below.

3.4.1. Class AN: Anorthositic norite components. We
have chosen two compositions to represent the highlands com-
ponent referred to as “anorthositic gabbro” [Rhodes et al.,
1974; Laul et al., 1981] or “anorthositic norite” [Korotev and
Kremser, 1992]: AN-GrF and AN-GrM. Both are based on
granulitic breccias and they differ from each other primarily in
Mg/Fe ratio, or Mg’ (mole percent Mg/[Mg+Fe] [Lindstrom
and Lindstrom, 1986]). Anorthositic norite components are
important constituents of the Apollo 17 highlands and the
major carrier of aluminum [Korotev and Kremser, 1992,
Jolliff et al., 1994]. All previously published models have
used a single component of intermediate Mg (see discussion
by Korotev and Kremser [1992]).

3.4.2. Class MG: Mafic, high-Mg/Fe components. In
the lunar highlands, the elements Fe and Mg are carmed by
two types of matenials: (1) plutonic troctolites, norites, gabbro-
norites, their more anorthositic variants, and their brecciated
derivatives and (2) impact-melt breccias of noritic or olivine-
noritic composition. As noted above, the mafic impact-melt
breccias are also the principal carriers of IEs in Apollo 17
soils. We use five components to represent mafic, plutonic
rocks: MG-Dun, dunite (samples 72415, 72417), MG-Tr,
troctolite (76535), MG-TrA, troctolitic anorthosite (72705,
73235, others), MG-Nor, norite (77035, 77075, 78255,
others), and MG-GaN, gabbronorite (76255). (See Ryder and
Norman [1979] for sources of data on these rocks [also
Warren and Wasson, 1979b, Warren et al., 1986].) The five
MG components are all characterized by relatively high values
of Mg" (Table 1). Rocks comresponding to the MG compo-
nents are not common at Apollo 17 and only in soils from the
North Massif is there any evidence that they are important
constituents of the regolith (10-20%; [Korotev and Kremser,
1992; Jolliff et al., 1994]). There is no evidence that litholo-
gies representing the MG-Dun or MG-GaN components occur
in concentrations as great as 1% in the regolith. We include
these components mainly to test the robustness of the model.

3.4.3. Class IE: Incompatible-element-rich compo-
nents. We use a single component, [E-NB, to represent the
noritic melt breccias that are common at the site [Rhodes et
al., 1974; Korotev and Kremser, 1992]. We also include a
component of Apollo 17 KREEP basalt, IE-KR {Salpas et al.,
1987], which is similar in composition to the noritic melt
breccia, but has a distinctly different Mg’ and Ca/Al ratio
(Table 1). Because these two components are the principal
carriers of IEs in the Apollo 17 regolith, their model-predicted
abundance is determined largely by the concentration of Th.
There is little evidence that IE-KR is anything but a minor
component in the Apollo 17 highlands; its occurrence is
restricted to portions of a single breccia [Blanchard et al.,
1975, Salpas et al., 1987]. Two IE components are included
in the model, however, to test the ability of the rover instru-
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ments to distinguish between these compositionally similar,
but texturally distinct, components and to identify a deposit of
KREEP basalt, if one were to occur,

3.4.4. Class MB: Mare basalts. Three mare like compo-
nents occur at the Apollo 17 site: MB-HT, high-Ti basalt (data
from Korotev and Kremser [1992]); MB-OG, orange picritic
glass of pyroclastic origin [Delano, 1986]; and MB-VLT, very
low Ti basalt [Korotev and Kremser, 1992]. (Discussion of
these various basalt types can be found in the review of Taylor
et al. [1991].) The MB and MG components are the principal
carriers of Fe and Mg, but the MB components have substan-
tially lower values of Mg’ (Table 1). Also, MB-HT and MB-
OG are the principal carriers of Ti in the Apollo 17 regolith.
VLT basalt is rare and only known from a few small frag-
ments [Wentworth et al., 1979, Lindstrom and Martinez,
1995]. We include it in the model for the same reason we
include KREEP basalt.

4. Reasonableness of Approach: Tests Using
High-Precision Analyses of Real Soils

Iefore proceeding with application of the mixing-model
approach to simulated soil compositions, we demonstrate that
the model provides reasonable results on high-precision soil
compositions.

4.1. Preliminary Test 1

Our approach assumes that a 10-element model based
primarily on major elements is mathematically well con-
strained, A test of this assumption is whether results of the
27-element model of Korotev and Kremser [1992] (hereafter,
the K&K model) can be reproduced with the 10-element
model when exactly the same components and component
compositions are used. (Some of the components of the K&K
model are mixtures of components described here and others
have slightly different compositions.) The two models differ,
then, in (1) number of elements, (2) magnitude of weighting
factors, (3) the implicit inclusion in the 27-element model of a
28th element, oxygen, whereas in the 10-element model it is
included explicitly, and (4) the meteoritic component of the
27-element model is excluded from the 10-element model
because it relies on constraints imposed by siderophile
element concentrations (not determined by the o-p-x spectro-
meter) and is of minor volumetric importance (f; < 0.01).

We have modeled the mean compositions [Korotev and
Kremser, 1992] of soils from five stations that span the range
of observed compositions. The predicted values of f; (relative
abundances of components; equation (1)) are usually within
+5% for the two models, which we regard as reasonable
agreement. (Here and subsequently, in discussion of model
results (f) or differences in model results (f; - fi), the percent
sign (%) signifies “grams of component per 100 grams of
soil,” not a relative difference between two values.) The prin-
cipal exception is that, although the sums of the proportions of
the three basaltic components agree well between the two
models, the relative proportions of high-Ti basalt (MB-HT)
and orange glass (MB-OG) often do not. Trace elements (Cr,
rare earth elements) help constrain the proportions better in
the 27-element model.

4.2. Preliminary Test 2

A second question is whether using the 10-element model
and selecting the best solutions among all combinations of 12
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components taken three at a time provides realistic results for
high-precision soil compositions. For this test, we have
modeled the mean compositions of soils from stations 2, 4, 5,
and 6 [Korotev and Kremser, 1992]. Although the test is
based on laboratory data, the results are also relevant to long-
duration (i.e., high-precision) analyses of soils or breccias by
the o-p-x spectrometer on the lunar surface.

We apply three filters to yield a set of “best solutions”
from the 220 possible solutions for each soil. First, we dis-
card most solutions that include a negative value of f;, as most
negative values result from an unreasonable set of components
(e.g., fitting a mare soil with three highland components). We
do not discard a negative solution if f>-5% and
f+o6y,>0%; ie, if f; is negative, small, and zero within
uncertainty, we take the solution to indicate that f;=0.
Second, we discard any solution for which f;— o, <0 for all
values of fj (e.g., /i =60% = 62%, r=7%+78%, and f;=
30% £ 41%), a condition indicating that the least squares
solution is of little value. Third, we discard all solutions for
which %*/v > 0.5; we choose the value 0.5 empirically to eli-
minate all but the best numerical solutions. (Because in this
test we are modeling high-precision analyses, but using
weighting factors based on the lower precision of the a-p-x
spectrometer, we can expect values of %*v for the best solu-
tions to be significantly less than unity.) The remaining solu-
tions are then the “best solutions™ for each composition, and
they usually number between 10 and 30. We assume that all
bgst solutions are equally good, regardless of differences in
A

4.2.1. Station 5 (valley floor). For soils that consist prin-
cipally of one or two components, the modeling of the high-
precision analyses recognizes the presence of the main compo-
nents, but not always the minor components. For example, we
obtain 49 best solutions for the station 5 soil, which consists
mainly of pulverized high-Ti mare basalt. Each best solution
is reasonable and successful in that it includes the MB-HT
component. Most solutions (V= 32) use only MB-HT as the
MB component; others use MB-HT plus MB-OG (N =7) or
MB-VLT (N=9). The sum of the MB components averages
89 + 3% (+10), agreeing well with the K&K model, which
gave 76% HT, 7% VLT, and 6% OG components, for a sum
of 89%. For those 10-element solutions that include OG or
VLT, the abundances average 11+9% OG and 13+6%
VLT, in reasonable agreement with the K&K model. Best
solutions include a wide variety of components to account for
the other 11% of the soil, with MG components in 37 of the
solutions, IE components in 18, and AN components in 16.
The high proportion with MG components occurs because the
station 5 soil has a significantly greater concentration of Mg
than can be explained even by the 27-¢lement, six-component
model [Korotev and Kremser, 1992]. Thus the mixing-model
approach successfully recognizes that the station 5 soil is
approximately a 90:10 mixture of high-Ti mare basalt and
highlands materials. Similar results are obtained for the soil
at station 1, which is also rich in high-Ti mare basalt. '

4.2.2. Station 2 (South Massif). In the K&K model, the
station 2 soil at the South Massif was modeled well as 46%
IE components {mostly IE-NB plus minor IE-KR), 47% AN
components, and about 2-3% each MB-HT and MB-OG com-
ponents. Of the 17 best solutions from the 10-element model,
seven are qualitatively equivalent to that of the K&K model
(ie., IE+AN+MB). Nine solutions include an MB compo-
nent, which averages 5 = 3% in abundance, thus agreeing well
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with the total MB component of the K&K model; no prefer-
ence is shown for any particular MB component. All 17 best
solutions include an IE component; 16 use IE-NB, one uses
IEKR, and two use both (but predominately IE-NB), in
accordance with the observation that the main carrier of IEs at
station 2 to is noritic melt breccia, not KREEP basalt. The
sum of IE components averages 58 £+ 9%, however, signifi-
cantly greater than the 46-48% of the K&K model. This dis-
agreement is not a model failure, but occurs because the con-
centration of Th is greater in the AN component of the K&K
model. Twelve of the 17 solutions include an AN component,
which averages 33 £ 12%. There is no preference between the
AN-Gr1F or the AN-GrM components, suggesting (as assumed
by Korotev and Kremser [1992]) that the actual AN compo-
nent of the regolith is a mixture of anorthositic norite litho-
logies intermediate in Mg " to the two extreme AN components
used here.

Results of the 10-element model are misleading, however,
to the extent that seven of the 17 best solutions include a sub-
stantial proportion of MG components (average 36 + 13%), in
five cases instead of an AN component. In each of these
cases, the MG-GaN component was selected. Gabbronorite
(not included in the K&K model) is rare at Apollo 17, and we
find no evidence of its presence in station 2 soil [Jolliff et al.,
1994]. This model failure is probably related to several
factors: (1) nonuniqueness of the gabbronorite composition,
(2) the lack in the 10-element model of the constraints im-
posed by trace elements, and (3) the presence of an unidenti-
fied, cryptic component at station 2, possibly the new type of
high-Th, low-Mg/Fe, noritic melt breccia recently recognized
among 2—4 mm soil particles [Jolliff et al., 1995]. If a com-
ponent representing this new lithology is used in the K&K
model instead of the KREEP basalt component used by
Korotev and Kremser [1992], the model fit is improved, and
the results indicate the component is present at 13% relative
abundance.

4.2.3. Station § (North Massif). Soils from the North
Massif provide challenge to mixing models because they
consist of several volumetrically significant, compositionally
distinct lithologies. The challenge is most severe at station 6
in which all four classes of components are important at the
15-35% abundance level [Korotev and Kremser, 1992].

The 10-element, three-component model gives only 13 best
solutions. The model is successful in that eight of these con-
tain some combination of IE, AN, and MB, the three most
important components of the K&K model. All 13 solutions
contain one MB component (nine HT and four OG), and the
fraction of this component averages 26 + 3%, in good agree-
ment with the K&K model (27%). Ten of the best solutions
include an IE component (five NB and five KR), average
27 + 5%, in reasonable agreement with K&K (21%). Five of
the solutions contain one or two MG components, average
43 £ 21%, which compares poorly with 15% in the K&K
model. The discrepancy occurs because with only three com-
ponents, all solutions involving an MG component necessarily
exclude either the AN or the IE component, and the MG com-
ponent has to act as either an MG+AN or an MG+IE compo-
nent.

The results for station 6 suggest that better results may be
obtained with a four-component model, so we repeated the
modeling exercise using 12 components taken four at a time.
Of 495 possible combinations, we obtained 74 best solutions,
significantly more than the 13 of the three-component model.

A
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Of these, 33 represent combinations involving all four classes
of components, with average abundances in close agreement
with the K&K model (in parentheses): AN, 35% (36%); MG,
17% (15%); IE, 23% (21%), and MB, 25% (27%). This ex-
ample shows that in some cases a four-component model will
produce superior results to a three-component model. How-
ever, if a soil consists dominantly of only two or three compo-
nents, results of four-component models are not necessarily
better and are more difficult to interpret. For example, the
four-component model applied to the station 2 soil does not
provide any additional insight and still erroneously suggests
the presence of ~20% MG-GaN component.

As stated above, the x*/v parameter is not useful for identi-
fying the most reasonable solution among the set of solutions
with the lowest values of ¥*/v. For example, in the four-com-
ponent model for station 6, the mathematically best solution
has an exceedingly low x*/v (0.01), yet erroneously predicts a
15% component of KREEP basalt.

4.2.4. Station 4 (orange-glass soil). The three-component
model gives 38 best solutions for the orange-glass soil from
station 4. (Unlike the K&K model, the MB-OG component
used here represents the glass; the soil composition is based
on fines sample 74220.) All 38 solutions successfully indi-
cate the presence of the MB-OG component at high abun-
dance (86-96%). For the 17 solutions that include two or
three MB components, the actual proportion of orange glass,
as determined by petrographic studies [Heiken and McKay,
1974], is estimated best by the sum of all MB components,
96.0 £ 1.3%. The remaining ~4% was modeled as various
combinations of nonmare components, each used at least
once, with no preference for any component or any class of
components, except that MG components are included in half
of the solutions. Among solutions including MG components,
the MG-GaN was selected most often (7) and MG-Dun least
often (1). These model results involving the abundance and
distribution of MG components are unreasonable, as there is
no petrographic evidence for high-Mg " lithologies in the sta-
tion 4 regolith.

4.2.5. Summary. Ideally, the actual components of the
regolith would be known, the average compositions of those
components would be known well, the major element compo-
sitions of the soils could be measured accurately, and the con-
centration of at least one incompatible element could be deter-
mined. Under these circumstances, our approach of “fishing”
among all combinations of the likely components for the
three-component mixtures that best duplicate the soil compo-
sition does, in fact, usually succeed in identifying the major
classes of components of the soil (i.e.,, MB, IE, AN, or MG)
and reasonably indicating their relative abundances. The spe-
cific member of the class is not likely to be identified unam-
biguously unless it is present in high abundance (>50%). For
soils that contain significant fractions of more than three com-
ponents (e.g., station 6), the distribution of the three best fit
components among different classes will be variable, and a
four-component model will provide more realistic results.
Minor components of the soil (<25%) are likely to be misiden-
tified and their proportions estimated poorly.

S. Simulation 1A: Traverse of an Idealized Site
A logical next step would be to degrade the actual compo-
sitions of soils from the Apollo 17 mission according to the
expected analytical precision of the o-p-x instrument and then
repeat the test described above. A problem with this ap-
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proach, however, is that there is no objective way to evaluate
the results. Above, we compared the results with those of
Korotev and Kremser [1992], which is valid for the declared
purpose, i.e., comparing the results for a given soil composi-
tion of a 10-element model involving primarily major ele-
ments with a better constrained, 27-element model that in-
cludes trace elements. However, the K&K model is itself an
imperfect one that involves numerous assumptions and com-
promises. Thus, to provide a test that can be judged more
objectively, we have computed a series of simulated soil com-
positions by mathematically mixing our lithologic components
in known proportions and then generating simulated analyses
by degrading the compositions of the simulated mixtures, as
described above. For reference, Table 2 contains the actual
and simulated compositions of two samples.

5.1. Site Geology and Traverse Grid

In order to simulate an actual mission more realistically,
we have based our mixtures on an idealized site geology
where certain lithologies predominate at different locations at
the site and the soils represent mixtures of the subsurface lith-
ologies. At this idealized site (Figures 1 and 2), which is
based only loosely on the actual Apollo 17 site geology, the
top of the North Massif (grid stations A0 to JO) consists pri-
marily of IE-NB components (70%), with some MG compo-
nents (30%). The MG components systematically vary from
west to east in the order MG-TrA, MG-Tr, MG-Nor, MG-
GaN. On the lower slopes of the North Massif, AN compo-
nents predominate, with AN-GrF more prevalent to the west
and AN-GrM more prevalent to the east. Soils of the lower
slopes are mixtures of AN components and IE-NB and MG
components that have wasted down the slope. The South
Massif is similar, except that no MG components occur and
the AN-GrF component dominates over the AN-GrM compo-
nent. To add some diversity, however, the western extreme of
the top of the South Massif (near grid station A9) is domi-
nated by IE-KR, not [E-NB. The valley floor is mainly MB-
HT with some minor highland material, except that in the
southeast comer of the traverse area there is a concentration of
MB-0OG, such as occurred at station 4 at the Apollo 17 site.
Also, on the east central edge of the area, there is a concentra-
tion of MB-VLT (no such concentration is known at the

Table 2. Actual Composition (A), Simulated Analysis
(8), and Model Best Fit (M) Composition for Two Grid
Stations of Simulation 1A

Station F7 Station F2

A S M A S M
0, % 43.58 4622 4531 4475 4422 44.19
Si, % 2042 1890 2138 2134 2296 2052
Ti, % 246 284 216 040 028 037
AlL % 1064 975 1152 1237 1102 1210
Fe, % 774 731 7.50 498 454 460
Mg, % 457 409 452 5.61 682 7.10
Ca, % 9.66 1033 10.20 976 9.16 9.19
Na, % 030 0.18 029 038 044 034
K, % 007 006 0.07 0.13 -045* 0.10
Th, ug/g 0.91 096 084 200 213 1.97
Z, % 9944 99.68 10295 99.71 9945 9851
Mg' % 576 562  58.1 72.1 77.5 178.0

* This value was converted to +0.03 prior to modeling; see
section 3.3.
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Figure 1. Site map for simulation 1, with 10x10 sampling
grid. The site is based loosely on the Apollo 17 landing site,
in that a valley filled with mare basalt lies between two high-
land massifs. Locations of high concentrations of specific
subsurface lithologies (model components) are indicated (MB-
HT, AN-G1M, etc.; see section 3.4 for definition of compo-
nents). L

Apollo 17 site). At the interface between the massifs and the
valley floor, mixing of highland and mare material occurs, as
in the Taurus-Littrow valley.

In the simulated mission, 100 soil samples are each ana-
lyzed once on a 10x10 grid. The mixture at each “grid sla-
tion” was calculated according to the proportions of Figure 2.
All “samples” are ideal mixtures of two, three, or four compo-
nents, the abundances of the components occur in increments
of 10% (e.g., a 10:30:60 mixture), and no two samples have
exactly the same composition. The simulated compositions
are mixtures of all components of Table 1 except the MG-Dun
component. The dunite component was excluded for simpli-
city because there are already four other MG components and
the test using real soil compositions (preliminary test 2)
selected this component least often. Because the rover will
analyze each soil only once, we have generated only one simu-
lated analysis per grid station. In order to determine the com-
ponents of each sample, the 10-element model using 12
components taken three at a time was employed (i.e., the
MG-Dun component was included as a model component but
not as an actual component of any sample).

5.2. Analysis of Model Results

If 100 chemical analyses are made, some will be more
accurate than others because of random uncertainty; in a real
mission, some analyses may also suffer from systematic error.
Thus one concern is whether an entire analysis should be
ignored because it does not meet certain criteria for accuracy
and precision. For example, a sum of element concentrations
(ZC,, equation (2)) significantly different from unity or con-
centrations yielding nonsensical normative mineral propor-
tions probably indicate a “poor analysis,” one likely to lead to
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a misleading interpretation. Also, in our simulated mission
involving ideal mixtures of model components, we know that
the only cause of a poor model fit is the random uncertainty
associated with the analysis, so a high value for the minimum
*/v unambiguously indicates a poor analysis, one we might
be entitled to discard. In a real mission, however, high values
of the minimum /v for a given analysis might also reflect a
model inadequacy, e.g., the presence of an unanticipated com-
ponent in the soil, one not included in the model. Thus, in
order to test the robustness of the model, we have not dis-
carded from consideration any analysis from our simulated
mission just because we questioned its accuracy or model
results based on the analysis consistently yielded high values
of minimum %*/v (some samples for which the minimum SAY
was high still provided reasonable model results). In a real
mission, criteria for discarding analyses could be established.

As before, however, some criteria must be used to select
“best solutions” among the 220 possible solutions for each
analysis. When using simulated low-precision data, different
criteria must be used to select best solutions than are used
with high-precision data. In the test involving high-precision
data, we arbitrarily discarded from consideration all solutions
for which y*v > 0.5 because minimum values of yIv are
similar for all samples. With low-precision data, minimum
values of ¥*/v vary greatly from sample to sample as a result
of low-probability aberrant concentrations for some elements
in some samples, and a single cutoff value for ¥*/v is not fea-
sible. For example, minimum values of y*tv ranged from 0.04
to 1.6 among the different samples (mean 0.5; Figure 3e).

With these considerations in mind, we have used the
following criteria to select best solutions among model results
for each simulated analysis. As described above, most solu-
tions that included negative values of fj or exceedingly high
values of 6, were discarded. Then, for each sample, if Xiin
is the minimum value of ¥*/v obtained among remaining
model solutions, all solutions for which Y2V > 1.5X i Were
discarded. The factor 1.5 was selected empirically to yield a
small, but reasonable number of best solutions for each
analysis (mean = 13 best solutions per analysis; Figure 3d).
As before, this approach assumes that all of the model solu-
tions with low values of v (i.e., $2Iv S 1.5X ) are equiva-
lently good solutions and we seek systematic results among
this set of best solutions.

5.3. Results

5.3.1. By class. We first consider the success of the a-p-x
spectrometer combined with the mixing model at identifying
classes of components and determining their proportions; later
we consider how well the combination distinguishes among
components within the same class. Among the best solutions
for each station, we have combined and averaged the results
by class according to the examples of Table 3. As examples
of how the data were combined, we discuss results in detail
for two grid stations, F7 and F2. A comparison of the actual,
simulated, and model best fit composition of the two stations
is given in Table 2.

5.3.1.1. Station F7: For the soil at grid station F7 there
are 14 best solutions, with x*/v values ranging from 0.62 to
0.80. i.e., all best solutions provide good fits. Only four solu-
tions agree by class with the actual components of the mix-
ture, and the average of their model-predicted abundances are
reasonable (actual abundances in brackets): 69.5% AN [60%],
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igure 2. Model input. (a) Proportions (%) of components in soil mixtures of simulation 1. Boxes at F2 and F7 represent grid

stations of examples in Tables 2 and 3. (b) Sums of components by class (compare with Figure 3a).
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Table 3. Summary of Model Results (Best Solutions) for the Two Grid Stations of Table 2 (Simulation 1A)

Percent of Component Class

F7 (Typical Fit, Good Match)

F2 (Good Fit, Poor Match)

AN MG IE MB z

Z
*

AN MG IE MB z

z
*

AN
MG

AN+MG

IE

AN+IE

MG+IE

AN+MG+IE

MB

AN+MB 73.0 0 0 303
MG +MB

AN+MG+MB 65.7 8.9 0 289
IE+MB

AN +IE+MB 69.5 0 65 275
MG+IE+MB

Mean' or sum 69.4 3.0 22 289
Input 60. 10. 30.

1034
103.5

103.5

103.5
100.0

0 63.7 36.7 0 100.4
26.6 402 319 0 98.7

b OB ONOVNODOCTCOCODOO
WOOCOOOOQOUWARODOOoOOO

13.3 52.0 34.3 0 99.6
10. 30. 100.

—
)
4

Input
5%

£

Input
5%

-
&N
-

AN-GrF
AN-GrM
MB-HT
MB-0OG
MB-VLT
MG-Nor
MG-GaN
MG-Tr
MG-TrA
MG-Dun
IE-KR
IE-NB
Nt

50
10
30

—t

10
100

S NNVNOOONOOOHARIX

[

60

10

30
100

VW OO OU N MO OOO N~

* N, number of best solutions with the combination of component classes corresponding to the row label, Ny, total number of best

solutions

Simple mean; these values are those transferred to “maps” of Figure 3.
¥ M), frequency of occurrence: number of times component was used in the various best solutions.

6.5% IE [10%], and 27.5% MB [30%]. Eight best solutions
use two-component mixtures of AN (average: 73%) and MB
(30%) components and the two remaining best solutions use
AN (66%), MG (9%), and MB (29%) components. For pur-
poses of reporting results on the map of Figure 3, we simply
averaged results for each of the class combinations; other
methods could be used. All best solutions for station F7 cor-
rectly include the MB-HT component and reasonably indicate
its abundance, even though this component constitutes only
30% of the soil. Similarly, all best solutions correctly include
one of the two AN components and reasonably estimate its
abundance (i.e., within 10%). The model fails to establish
unambiguously the presence of the 10% component of IE-NB.

5.3.1.2. Station F2: For soil at grid station F2, the mathe-
matical fit for the nine best solutions is better than for station
F7 (x*/v = 0.24-0.33), but the quantitative match to the actual
mixture is poorer. All solutions correctly predict the presence
of IE-NB (model average abundance 34%, actual 30%), but
the match for the ratio of AN to MG components is poor
(model average 13:52, actual 60:10). No solution suggests
the presence of MG-Nor, which occurs at 10% abundance.
The major error is that eight of the nine best solutions choose

MG-TrA (troctolitic anorthosite) as a major component
(average abundance 58%) instead of the AN-GrM component
(magnesian granulite, actual abundance 60%). This error
occurs because (1) the compositions of the AN-GrM and MG-
TrA components are similar, except that the MG-TrA compo-
nent has twice the Mg concentration (Table 1) and (2) the
simulated composition of the soil at station F2 has a higher
concentration of Mg and lower concentrations of Al, Fe, and
Ca than the actual composition (Table 2).

5.3.1.3. Summary of results for all stations: Of the four
classes of components, the model is most successful at identi-
fying the abundance of mare basalt in that the mean difference
between the model predicted abundances and true abundances
for the 100 stations, a quantity we designate A (Figure 3), is
most nearly zero and has the smallest standard deviation
(A =-1.3%=5.3%, mean difference in abundance + stan-
dard deviation; Figure 3b4). For only seven of the 100 sta-
tions does the difference in abundance between the actual and
predicted total MB component exceed 10%. Only rarely does
the model suggest that MB components are present at stations
for which none are present. The average abundance of AN
components is also well established (A =-2% * 11%; Figure
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3bl), but the spread is greater, i.e., for 29 of the stations the
difference in abundance exceeds 10%, with the largest
difference, 47%, at station F2 (discussed above). As for
station F2, the model is least successful at establishing the
abundance of the MG components. On average, the abun-
dance of MG components is overestimated by 8% (Figure
3b2), with 36 of the stations having differences exceeding
10%. The model commonly predicts the occurrence of MG
components at stations for which none is present (worst case:
+61% at station C9) and sometimes significantly underesti-
mates their abundance in soils where they are a significant
component (stations EO and 10). Plutonic troctolitic anortho-
site cannot be reliably distinguished from polymict magnesian
granulite. On average, I[E components are slightly underesti-
mated (A =—4.4% £ 10.2%; Figure 3b3).

In summary, using major-element data obtained with the
a-p-Xx spectrometer and data for an incompatible element
obtained with some auxiliary instrument, the mixing-model
technique described here is reasonably successful on average
at distinguishing among generic components (anorthositic
norite, Mg-rich plutonic rocks, KREEP norites, and mare
basalt) and estimating their proportions in the soil, even with
short analysis times. Results for some individual samples,
however, may be substantially in error because of the impreci-
sion of the analyses. The model systematically overestimates
the abundance of MG components, presumably because of
(1) the similarity in compositions between the MG compo-
nents and some other components and (2) the imprecision of
the data, particularly Mg concentrations (Table 1), resulting
from the short analysis times.

5.3.2. By component. The model is less successful at dis-
tinguishing among components of a given class, particularly
when they are in low abundance. For this analysis, we rely on
the frequency of occurrence of a given component among best
solutions. For example, at station F7 (Table 3) all 14 of the
best solutions use MB-HT but none uses MB-OG or MB-
VLT. Thus the model unambiguously identifies the mare-
basalt component of the soil as high-Ti basalt. In contrast, the
AN-GrF (Mf = 8) and AN-GrM (M = 7) components occur in
subequal frequency among best solutions. Because of their
compositional similarity, the model is unable to recognize that
the AN component of the soil is dominated (5:1) by AN-GrF,
despite the high total abundance of AN components (60%).
For the same reasons, the model is unable to identify the
specific [E component. For convenience in the discussion
below and in Figures 4-7, if the frequency of abundance of
one component, Vi, (¢.g., Table 3) among best solutions is
two or more times that of the next most frequently used com-
ponent, M,, of the same class (i.e., M,;/AM; 2 2), we take this
as a “distinct” model preference. If 2 >Af,/AM, 21.5, that is
taken as a “slight” preference; all other cases are interpreted
as “no preference.” Also taken as no preference are all cases
where M, - M, =1 even if M;/M, 215 (ie, M;/M, = 372,
2/1, or 1/0).

5.3.2.1, AN components: At 35 stations, the two AN
components together account for 50% or more of the mass of
the soil (Figures 2b, 4). For 29 of these stations, one AN
component is more abundant than the other by at least 2 to 1
(not shown in Figure 4). In only nine of these 29 cases does
the set of best solutions distinctly favor the correct component,
and there is a slight preference in one other case. In eight
cases the model distinctly favors the wrong component, and
for the remaining 11 cases, neither component is favored. In

the worst case, at station A6, which consists entirely of AN
components in the ratio 80% AN-GrF to 20% AN-GrM, all 33
best solutions use the AN-GrM component, but only six use
(in addition) the AN-GrF component (average abundance
23%). Thus, because of the low concentrations of Fe and Mg
in anorthositic soil and the large relative uncertainty in deter-
mination of Mg concentrations (Table 1), the o-p-x instrument
is unlikely to distinguish reliably soils consisting of ferroan
anorthositic materials from those consisting of magnesian
anorthositic materials, even if they occur in >50% abundance.

5.3.2.2. MG components: The highest abundance of
magnesian plutonic components among the simulated soils
occurs in rows 0 and 1 (Fig. 2b), with 14 samples containing
20% or 30% MG components; at all 14 of these stations the
main component is IE-NB (60-70%). For six of these 14 sta-
tions, the model distinctly or slightly favors the correct (pre-
dominant) MG component; for four other stations, the model
is ambiguous in that the main MG component is one of three
used nearly equally by the model (Figure 5). Thus if MG
components occur at 20-30% abundance levels in soils domi-
nated by highland material (which is a greater proportion than
observed in any Apollo 17 soil), there is only about a 50%
chance that the specific type of MG component would be cor-
rectly identified. The model is successful in that the MG-Dun
component, which was not included as a component of any of
the simulated mixtures, was also not predicted to be a signifi-
cant component at any station (Figure 5). In contrast, the
most serious problem is the one noted earlier, that the model
often indicates a significant abundance of MG components in
soils in which they do not occur. Also, the AN-GrM compo-
nent is sometimes mistaken for MG-TrA, and MG-GaN is
identified erroneously at some grid stations.

5.3.2.3. IE components:  Sixty-nine of the stations
contain IE components. Thirty contain a total of 50% or more
and, in each of these cases, one of the two IE components
dominates in abundance by at least 2 to 1 (Figure 6). The
model correctly chooses the dominant component at 26 of the
30 stations, chooses the incorrect component at two, and has
no preference at two. Thus when the abundance of noritic
impact-melt breccia or KREEP basalt is >50%, it is usually
possible distinguish between them. At 26 stations, the soil
consists only of 10% or 20% of one of the two IE components.
The model chooses the correct component at three stations, the
incorrect component at two, and has no preference at 21.
Thus at low abundance, KREEP basalt cannot be
distinguished from noritic melt breccia.

5.3.2.4. MB components: We consider first only those
stations for which one of the three mare-basalt components
dominates in abundance over the sum of the other two by at
least 2 to 1. Of the 49 stations meeting this criterion, 37 have
at least 30% total MB components (Figure 7). Of this subset,
the model identifies the correct component at 29 stations, an
incorrect component at none, and has no preference at 8.
Among those stations where no preference was shown is
station J4, which is a 10:90 mixture of HT:VLT. Thus the
main mare-basalt component is identified correctly most of the
time when mare material is abundant, but in some cases the
model has no preference when one component clearly predom-
inates.

Among the seven stations that contain subequal propor-
tions of two or three MB components, the model is successful
in that for only one (H9) is a component favored that is not the
main component of the mixture. Of the 12 stations that have

>
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Figure 4. Semiquantitative model results of simulation 1A for anorthositic norite (AN) components. Grid
stations enclosed entirely by double lines contain at least 50% total AN component; those enclosed by solid
single lines or a combination of solid lines and double lines contain at least 30%. Others (dashed lines) con-
tain 0% or 10%. Grid stations containing letters are those for which the actual abundance of AN components
totals at least 50% or the model-predicted abundance totals at least 30% (<30% for predicted for others; see
Figure 3al). The letter M indicates that the model preferred the AN-GrM (magnesian granulite) component
(by 2:1 or better) and F indicates that the model preferred the AN-GrF (ferroan granulite) component. Equal
signs indicate the two components were chosen approximately equally and greater-than signs indicate that the
preference was at least 3:2 but not as great as 2:1. Bold-faced letters occur where the model preference cor-
rectly represents the actual distribution. Italicized letters indicate that the model preference is incorrect or that
model results are ambivalent when a clear dominance (22 to 1) of one component over the other actually
occurs. Normal type indicates that while not correct, the model choice is not grossly incorrect.
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only 10% or 20% mare material (a single MB component at
each), the model identifies the correct component five times,
an incorrect component four times, and favors no component
three times. For each of the four misidentifications, MB-HT
was mistaken for MB-OG or MB-VLT. Thus, as before, a
specific mare-basalt-like component is unlikely to be identi-
fied if its abundance is <20%.

5.3.2.5. Summary: The ability to distinguish among dif-
ferent components of a given class is poor for the AN compo-

nents, intermediate for MG and IE components, and reason-
ably good for MB components. For MG, IE, and MB com-
ponents occurring at >50% abundance, the correct identifi-
cation would be made most of the time.

5.3.3. By geography. We now show the advantage of
analyzing a large number of samples systematically. Because
our simulation is based on sampling on a grid, some of the
ambiguous model results discussed above can be resolved by
correlation of results among adjacent sampling stations. For
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Figure 5. Semiquantitative model results of simulation 1A for magnesian plutonic (MG) components. Grid
stations enclosed entirely by double lines contain 20% or 30% total MG component; those enclosed by solid
single lines or a combination of solid and double lines contain 10%. Others (dashed lines) contain 0%. Grid
stations containing letters are those for which the actual abundance or the model-predicted abundance of MG
components totals at least 20% (<20% for predicted for others). TA, T, N, and GN indicate, respectively, that
the model preferred (by 2:1 or better) the MG-TrA (troctolitic anorthosite), MG-Tr (troctolite), MG-Nor
(norite), or MG-GaN (gabbronorite) components. See Figure 4 for key to remaining symbols.
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Figure 6. Semiquantitative model results of simulation 1A for incompatible element (IE) rich components.
Gnid stations enclosed by double lines contain at least 50% total JE component; those enclosed by a solid
single line or a combination of solid and double lines contain at least 20% . Others (dashed lines) contain 0%
or 10%. Grid stations containing letters are those for which the model predicted a total of at least 20% IE com-
ponent (<20% for predicted for others). The letter N indicates that the model preferred the IE-NB (noritic
impact-melt breccia) component (by 2:1 or better) and K indicates that the model preferred the IE-KR
(KREEP basalt) component. See Figure 4 for key to remaining symbols.

example, the high abundances of orange glass component
(Figure 7) and KREEP basalt component (Figure 6) in certain
areas of the site are clearly evident in the model results, as are
the mare-highlands boundaries. Even despite the poor ability
to distinguish among certain components for individual sam-
ples, there is a distinct hint of a concentration of troctolitic
material in the northwest comer of the site (Figure 5) and
ferroan anorthositic-norite material at the western portion of
the traverse area at the bottom of the South Massif (Figure 4,
stations A7, B6, and C6). In a real mission, results such as
these for soils would provide a focus for the selection of rock
samples for analysis. Even for a linear traverse, we would
expect, based on our Apollo experience, that for soil samples
analyzed every kilometer (for example), adjacent samples

would be similar in composition because they are composed
of the same components, but in slightly different proportions.
Only for soils in or near fresh craters or unusual topographic
or geographic features would we expect large compositional
differences to occur over short distances.

The correlation of regolith composition with geography
[e.g., Rhodes et al., 1974] is in large part the basis of our
argument that, given a finite amount of analysis time during a
rover mission, numerous (~100) low-precision (~1 hour)
analyses of soils will provide more geological information
than a few (~10) high-precision (~10 hour) analyses. Clearly,
however, analysis times can be too short to provide any useful
information (e.g., 1000 analyses of 0.1 hour each), so determi-
nation of the optimum number of analyses is an important
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" Figure 7. Semiquantitative model results of simulation 1A for mare basalt (MB) components. Grid stations
enclosed entirely by double lines contain at least 50% total MB component; those enclosed by a solid single
line or a combination of solid and double lines contain 30% or 40% . Others (dashed lines) contain 0%, 10%,
or 20%. Grid stations containing letters are those for which the model predicted a total of at least 30% MB
component (<30% for predicted for others). H, V, or O indicate, respectively, that the model preferred (by 2:1
or better) the MB-HTi (high-Ti basalt), MB-VLT (very low Ti basalt), or MB-OG (orange glass) component.

See Figure 4 for key to remaining symbols.
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design specification of any mission. For example, it may be
most effective to use variable analysis times and analyze until
some predetermined precision (e.g., 20%) for some key
element (e.g., Mg) is obtained or do longer-duration analyses
only when it appears that some major change in composition
has occurred. Because soils sampled a kilometer apart are
usually similar in composition, analytical precision and thus
model reliability could also be improved for a traverse (linear
or grid) by modeling a sliding average of analytical results
obtained from adjacent sampling stations.

5.4. Summary of Simulation 1A

In this idealized simulation, soil compositions are calcu-
lated as mixtures of a small number of components of fixed
composition, and simulated analyses are generated by
degrading those soil compositions according to the expected
precision of the a-p-x spectrometer. One incompatible ele-
ment is determined with 1-o relative precision of #25%. On
average, the identity and proportion of the components of the
simulated compositions can be determined reasonably well by
class of component using a mixing-model technique to resolve
the mixtures into constituent components. There is a tendency
for the model to slightly overestimate or underestimate syste-
matically the abundance of some classes of components
(abundances of Mg-rich plutonic components are overesti-
mated and those of components rich in incompatible elements
are underestimated). Mg-rich components are often predicted
to occur in soils that contain no such component. For major
components of the mixture, the specific component of a class
is usually identified correctly (e.g., high-Ti basalt or orange
glass), but for minor components, identifications are usually
ambiguous or incorrect. It is not possible to distinguish
between low-Mg/Fe and high-Mg/Fe feldspathic components
unless they are at very high abundance. The good results of
the model depend strongly on our precise knowledge of the
compositions of the components. If these compositions had
significant systematic errors in one or more elements, addi-
tional ambiguities would occur in the model results. Ambig-
uities associated with imprecise analyses can be resolved by
comparing results among samples taken in the same vicinity.

We have also used the mixing model approach on simu-
lated analyses based on actual Apollo 17 soil compositions
instead of idealized mixtures. In these tests, the model results
tend to be somewhat more ambiguous with respect to identi-
fying the actual major lithologies of a soil than with the ideal
mixtures of simulation 1A, We attribute this to the larger
number of components in an actual soil and the natural varia-
tion in composition of any nominal component.

We stress that the presence in a soil of even a small amount
of a lithology that is not represented by a component of the
model can produce unrealistic model results. For example, at
Apollo 17 the orange glass (MB-OG) is a compositionally dis-
tinct lithology and an important component of the regolith, but
one that is not represented by a “rock,” except for a few
orange-glass clods and breccias. If, in our simulated mission,
the deposit of orange glass that occurred in the southeast cor-
ner of the site was not recognized as a concentration of pyro-
clastic ash and, consequently, no component representing the
orange glass was included in the model, the model results for
many soils would be unrealistic and misleading. Because the
MB-OG component is considerably more magnesian than the
MB-HT component (Table 1), the model would compensate
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for the lack of an MB-OG component by including greater
abundances of MB-HT and MG components. At the extreme,
the actual composition of the orange-glass soil of station 4 at
Apollo 17 is itself best modeled (as in preliminary test 2) as a
mixture of 75% MB-HT and 25% MG-Dun components,
when the MB-OG component is not included in the model.
The poor fit (x*/v =2.9) might suggest the presence of a
“missing component,” but if the model were based on a single
imprecise analysis (as in simulation 1A), the actual model
results would be unpredictable and unfailingly misleading.

6. Simulation 1B: No Incompatible Elements
Are Determined

For simulation 1B, we have repeated the model calcula-
tions of simulation 1A but have eliminated Th concentrations
as a constraint in order to test the success of interpreting data
if no instrument is available to determine concentrations of
incompatible elements. Predictably, the model is unable to
distinguish between IE and MG components. For example, in
row 0 all samples contain 70% IE-NB; without Th, the model-
predicted abundance of IE components is 20+ 15%
(mean =+ standard deviation) (Figure 8). Similarly, the model-
predicted abundance of MG components is 67 + 16%, com-
pared with an actual abundance of 30%. As noted above,
when Th is included, the tendency is to overestimate MG
components at the expense of IE components; without Th (or
some other incompatible element), the tendency is the same,
but to a much greater and unacceptable magnitude. Without
Th, the precision for the total abundance of MB components
also degrades. For 23 stations, the difference between the
actual and model abundance of MB components exceeds 10%
in simulation 1B, compared to only seven stations in simula-
tion 1A. There is also a greater tendency for the model to
indicate the presence of MB components at stations at which
they do not occur. There is little effect, however, on the pre-
dicted abundance of AN components, presumably because the
abundance of AN components is constrained primarily by the
Al concentration, which is determined well by the a-p-x spec-
trometer.

Overall, the inability to determine the concentration of at
least one incompatible element would severely hamper our
ability to interpret data for the major elements in a geologi-
cally useful way in regions with a significant KREEP compo-
nent (Figure 8), such as the Apollo sites. In contrast, the
ability to determine an incompatible element precisely would
be of little benefit for a rover mission to a region with only a
minor abundance of KREEP-bearing lithologies (most of the
Moon’s surface), such as the source regions of the feldspathic
lunar meteorites (e.g., ALHA81005, Yamato-86032).

7. Simulation 2: Identification of Pyroclastics

One possible goal of a rover mission to the Moon would be
the study of pyroclastic ash deposits, “Dark-mantle” deposits
(believed to be pyroclastic in origin) have been identified
remotely at numerous locations [Head, 1976] and the direct
study of such deposits should greatly improve our under-
standing of the generation, transport, and eruption of lunar
mare lavas. At Apollo 17, a deposit of nearly pure pyroclastic
ash (orange glass) was discovered at station 4; however, lesser
amounts of ash were found in soils of all other stations. It is
possible that the location of an ash deposit, or even a volcanic
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(a) Actual % IE components
A B CDEFGH | ]

0|70 70 70 70 70 70 70 70 70 70
1160 60 60 60 70 60 60 70 60 S0
2130 40 50 40 40 30 40 40 30 30
3120 10 10 10 10 20 20 10 10 10
4 10 20 20 10

5 10 10 20 10

6 20

7130 20 20 20 10 10

8170 60 50 30 20 10

9 1100 100 100 100 70 50 20 10
(b) Simulation 1A: with Th
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4 2 8 33 2
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(c) Simulation 1B: without Th
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2| 4 14 11 7 2 7 40
3 7 15 6 12 27 26
4 | 21 36

5| 2 3 2 7 3 8
6 1 7 6 8 9 5 2 3 5
7118 9 19 9 6 3
8 24 10 3 24 3 11 5

9 8 50 34 11 17 19

79 51

Figure 8. Comparison of (a) actual percentage of IE com-
ponents (noritic impact-melt breccia plus KREEP basalt,
same as Figure 2b) with (b) model results for simulation 1A
in which Th concentrations were obtained and (c) model
results for simulation 1B in which Th concentrations were not
obtained. Model results for simulation 1A would be essenti-
ally similar for any incompatible element determined with the
same precision (25%).

vent, could be discovered by guiding the rover in the direction
of increasing concentration of pyroclastic ash in the regolith.
In order to assess the success of determining the abundance
of pyroclastic ash when it occurs in a regolith consisting
largely of comminuted basalt, we have devised the following

test: In simulation 2A, we calculated compositions of binary
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mixtures of the MB-OG and MB-HT components at 10%
increments. We then generated a set of five simulated anal-
yses for each true composition (instead of one, as in simula-
tion 1A), yielding a total of 55 simulated analyses (including
the end-member compositions corresponding to 100% MB-
OG and 100% MB-HT). Other conditions were similar to
those of simulation 1A. Among all best solutions for each
analysis, we calculated the simple average of the fraction of
MB-OG component predicted by the model (Figure 9a). In
order to test the effect of mixtures containing some highland
material, in simulation 2B (Figure 9b) we also tested tertiary
mixtures each consisting of 10% highlands material (Apollo
17 station 2 soil) and incremental mixtures of MB-OG and
MB-HT (i.e., 10:90:0, 10:80:20..., and 10:0:90).

On average, the model is successful at identifying the pre-
sence of the OG component in mixtures of high-Ti basalt and
orange glass and estimating the abundance of the OG compo-

110
_| (@) binary mixtures of MB-OG & MB-HT

8

90
80
70 4
60 -
50
40
30
20 H
10 +

mean model-predicted % MB-OG component

10 T T T T T j T T

110
100 o (b) tertiary mixtures of MB-OG, MB-HT,

% and 10% highlands material
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50
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30 S
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mean model-predicted % MB-OG component
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0 10 20 30 40 50 60 70
true % MB-OG component in mixture

Figure 9. Results of simulation 2: Comparison of abundance
of MB-OG (orange glass) component predicted by the mixing
model on simulated analyses of ideal mixtures with the actual
abundance of MB-OG in the mixture. Each point represents
the mean results for five 1-hour analyses; the error bars repre-
sent the sample standard deviation (W = 5). For reference, the
diagonal lines represent perfect agreement between actual and
model-predicted abundances. (a) Simulation 2A: binary mix-
tures of MB-OG and MB-HT (high Ti mare basalt) compo-
nents. (b) Simulation 2B: tertiary mixtures of MB-OG, MB-
HT, and 10% highlands material.

80 90 100

"
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nent. (In a real rover mission, it would be difficult to take
advantage of this capability unless or until a deposit of nearly
pure pyroclastic ash was encountered, as it was at Apollo 17,
because for modeling, the composition of the pure ash is
needed.) However, in many cases the model-predicted abun-
dance based on a single analysis is poor. For example, the
standard deviation in the absolute value of the differences
between the true percent OG component and the model-
predicted percent OG component is 8% for simulation 2A and
10% for simulation 2B. For about 15% of the samples, the
difference exceeds 20% (e.g., the true fraction is 50% and the
model predicted fraction is >70% or <30%). The absolute
uncertainty in fos is not a function of the magnitude of fo5

(Figure 9).

8. Conclusions

Our simulations show that if a geochemical rover equipped
with the a-p-x spectrometer of Economou and Turkevich
[1992] and the ability to measure well the concentration of at
least one incompatible element were sent back to Apollo 17
site, and if analyses of short duration of numerous (~100) soil
samples were obtained, much of what we have determined
from the retumed soil samples about the distribution of sub-
surface rock types and site geology could be leamned. This
success requires either (1) our present knowledge, based on
laboratory analysis of Apollo 17 rocks, of the composition of
the prevalent rock types that constitute the regolith or (2) high-
precision analyses of those same rock types obtained by the
rover in the field. The rover data would be sufficient to allow
us to estimate well the relative proportions of highland and
mare material in the regolith. Specific lithologic components
of the soil that occur in high abundance are likely to be
identified unambiguously, and their relative abundances
determined.  Components that occur in low abundance
(<20%) are not likely to be identified correctly, but their
generic class of material (basalt, KREEP-bearing highlands,
anorthositic highlands) is likely to be inferred. Our confi-
dence in identifying components of the regolith is strength-
ened by analyzing several samples in near proximity and
obtaining consistent results. (Additional conclusions are dis-
cussed in the summary sections, above.)

Our results can be extrapolated to indicate that certain
types of rocks should easily be identified and distinguished
from other similar types of rocks. For example, if a rock of
troctolitic, KREEP basaltic, or VLT basaltic composition was
encountered, it is likely that it would be identified or, at least,
recognized as unusual on the basis of composition. Clearly,
other instruments and imaging equipment on board the rover
that could determine features such as mineralogy, morphol-
ogy, grain size, texture, color, and fracture would be useful for
confirming the identification or resolving ambiguities based
on chemical composition. These conclusions require, how-
ever, that the instruments be able to examine interior portions
of rocks. Recent work by McKay et al. [1995] shows that
patinas caused by space weathering can have significantly dif-
ferent compositions than bulk samples; it is not yet known
how serious this effect is for soils.

However, without the ability to measure an incompatible
element (K, P, Zr, Ce, Th, etc.) when those elements occur in
high concentration, the mission would be much less
successful, as we could not reliably distinguish among com-
ponents of KREEP-bearing impact-melt breccias, KREEP
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basalt, and mafic plutonic rocks. Even if other instruments
could be used in conjunction with the ct-p-x instrument to dis-
tinguish, for example, a sample of impact-melt breccia from
that of a plutonic norite, the relative proportions of these two
lithologies in the regolith could not be reliably determined
without the ability to determine concentrations an incompati-
ble element. '

We conclude that a rover mission equipped with an a-p-x
spectrometer could usefully expand our understanding of the
geology of the Taurus-Littrow site and adjacent areas that
were part of the rover traverse. Interpretations would be less
ambiguous and more detailed if an incompatible element
could be determined, and if other instruments provided
information complementary to chemical compositions. We
cannot fail to note that the quality of the results of such a
mission falls far short of that obtainable from retumed
samples, not to mention the richness of other information that
direct laboratory studies provide. This contrast would be
heightened if the rover were sent to a new lunar site, where the
nature of the materials contributing to the regolith could not
be established with the same precision or thoroughness as we
have for the Apollo 17 site. This imprecision and ambiguity
are not merely a lunar problem. Interpretations will be even
more speculative for data from Mars, some asteroids, etc.,
where we have not already characterized the variety of regolith
materials and the processes that have produced them.

Thus this work stands as support for rover traverses for
measurement of chemical composition, but as stronger
support in favor of sample returns.
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